Abstract. The simulation models of variable-frequency electric drives with direct torque control were built in MATLAB / Simulink simulation environment. These models are shown and described in the article. А number of energetic characteristics of the electric drives being investigated are considered. The calculations of these characteristics were made on the computer models and the comparative analysis of the values obtained is given.
I INTRODUCTION
Nowadays variable-frequency electric drives, with induction motors powered by static frequency converters are widely used. The most common frequency converters in use nowadays are indirect frequency converters including a rectifier with a filter and an inverter and having an intermediate DC link. The form of the inverter output voltage feeding the stator windings of the induction motor is different from the sine wave one. Under the nonsinusoidal voltage the harmonic spectrum, which can include high-order harmonics with sufficiently big magnitudes, appears [1] . Voltage waveform distortion results in a nonsinusoidal current waveform and causes the increase of losses in the induction motor. These factors reduce the induction motor energy efficiency [2, 3] . When the induction motor is powered by the frequency converter its efficiency coefficient is lower by 2 -3% on the average, and the power coefficient -by 5% in comparison to the mains supply with the voltage sine waveform [4] . The increasing pulsations of the induction motor electromagnetic torque, which appear mainly at low frequencies and small inertia, cause problems of electromechanical compatibility of the motor and the converter.
II SYSTEMS OF DIRECT TORQUE CONTROL:
OVERVIEW, SIMULATION MODELS.
In up-to-date frequency converters various control strategies can be implemented. The most convenient control systems are vector systems of direct torque control. They are: vector control (VC), in which the torque is controlled while the rotor flux linkage is maintained with digital controllers for main coordinates (rotor flux linkage, d-axis and q-axis stator currents, speed), and direct torque control (DTC) wherein torque control is performed by stator flux linkage adjustment by means of relay controllers for flux linkage and torque [5] .
The main theoretical statements, concerning the development of these systems and control principles being used, were shown in [6] . The simulation model of DTC system built in MATLAB / Simulink simulation environment ( Fig. 1 ) and the principle of work of that model were also described in that article. The simulation model of system with VC built in MATLAB / Simulink is shown in Fig. 2 . Inverter (IGBT Inverter) switch control is performed via the subsystem Vector Control by using the PI speed controller and relay current controller. The speed reference signal and signal from the current sensors positioned in the stator circuit of the induction motor are used as input signals of this subsystem. The logical signal, specifying the combination of turned-on inverter IGBT-modules, is an output signal of the subsystem.
III MAIN CHARACTERISTICS OF THE ENERGY EFFICIENCY OF THE SYSTEMS
WITH DIRECT TORQUE CONTROL.
The above-mentioned models are analyzed in this article from the point of view of energetic characteristics. One of the most important quality factors is known to be a total harmonic distortion of voltage U K and current I K [7] . The higher the values of these coefficients the more are constant and variable losses in the motors. High-order harmonics in the supplying voltage cause the additional heating of motors because of an increased eddy current and hysteresis losses and, as a sequence, an intensified insulation deterioration, which can result in a premature failure of the machine, if this circumstance is not taken into the account [8, 9] .
The level of an impact of each harmonic on the voltage and current waveform quantitatively can be evaluated by the harmonics coefficient k  [10] : (current) of the 1 st harmonic. The level of the distortion of voltage (current) waveform due to the total impact of all harmonics is evaluated by means of voltage (current) total harmonic distortion (THD) [11] :
where m is number of the highest harmonic being considered. One more characteristic used for evaluation of energy efficiency of induction motors powered by frequency converters is a coefficient of total losses increasing total K what is the ratio between the losses in the motor when it is powered by pulse voltage and when it is powered by sine voltage [12] . The expression for this coefficient includes two components -the coefficient of electrical losses increasing el K and the coefficient of iron losses increasing 
where sc K is starting current-to-rated current ratio of the motor,   
Analyzing energetic characteristics of variablefrequency electric drives controlled according to the above-mentioned control laws can be done, based on the stator current and voltage waveforms, obtained from the computer simulation.
IV SIMULATION RESULTS
Investigated were two operating modes: no-load mode ( To analyze the harmonic spectrum of the waveforms obtained the MATLAB / Simulink standard tool -FFT Analysis, which performs the Fourier series expansion of the initial waveforms, is used.
As the results of the simulation done for the waveforms being under consideration, the harmonic spectra up to the 49-th harmonic were obtained. These results are shown in Table I . The numerical values of THDs for the voltage and current waveforms in the systems being considered, obtained after calculation using the formula (1), are shown in Table II.   Table II. THE VALUES OF THD. For the systems being considered the calculated values of the coefficient of electrical losses increasing el K and the coefficient of iron losses increasing ir K are obtained by using the formulae (2) . These values are shown in Table III . were calculated by using the formula (3). The results obtained are shown in Table IV.   Table IV . 3. The values of el K and ir K , obtained after simulating DTC system, are smaller than those for the VC system, and as a sequence, the coefficient of total losses increasing is also smaller.
Further research contemplates more detailed investigation of main operating modes of variable frequency electric drives with direct torque control. This research is going to be carried out by means both simulation and full-scale experiments using the test stand [13] .
VI APPENDIX
The test machine is a three phase 50 Hz induction machine having the following parameters as shown in Table V . 
